The molecular basis of the interactions between plant virus satellites and their helper viruses is not understood. The features of the satellite tobacco mosaic virus (STMV) genome that determine tobamovirus helper specificity were investigated using two independent strategies. The first tested the possible significance of regions of nearly identical sequence within the 3'-terminal 150 bases of the genomes of STMV and its natural helper virus, tobacco mild green mosaic virus (TMGMV). A chimeric STMV clone containing the 3' terminus of tobacco mosaic virus (TMV-U1) RNA was infectious in coinfections with TMGMV, but it did not replicate with TMV-U1. In the second strategy, populations of STMV adapted to replication with four alternative helper tobamoviruses were generated by serial passage in tobacco. RNase protection analyses of these RNA populations showed that in all cases there had been a genetic change 50 to 60 bases from the 5' terminus of the STMV genome. Similar changes were detected in several progenies of STMV clones replicated with TMV-U1, indicating that change at this site was essential for replication with a helper virus other than TMGMV. Sequence analyses of the changes at this 'helper adaptation domain' showed consistently the deletion of a single G from five consecutive Gs at bases 61 to 65. Infectivity experiments with STMV clones containing this G deletion showed that this change alone was not sufficient to modify helper specificity, so additional factors which remain to be identified must also be involved. Nevertheless, these experiments show the ability of STMV populations to undergo rapid, reproducible evolution by both selection of pre-existing variants and de novo mutation, and constitute the first molecular demonstration that the helper virus acts as a selection pressure on the evolution of satellite populations.
Introduction
Plant virus satellites are subviral parasites that are dependent on coinfection with a helper virus for their replication within a host plant cell. The molecular basis of this dependence is not understood, but it is often presumed that the RNA genomes of satellites are replicated by the RNA-dependent RNA polymerase encoded by their helper viruses. This has recently been proven to be true in the case of a cucumber mosaic cucumovirus satellite RNA, which was replicated in vitro by the purified polymerase of its helper virus (Wu et al., 1991) . Biological characterizations of many satellite RNAs and satellite viruses have shown that some replicate only with the helper virus with which they were ] Present address: National Fisheries Research Center, Building 204, Naval Station, Seattle, Washington 98115, U.S.A. $ Present address: Department of Microbiology, University of Witwatersrand, Johannesburg, South Africa. originally associated, whereas others can be supported by several different strains of the helper virus, or even by different related viruses from the same taxonomic group as the helper (reviewed by Roossinck et al., 1992) . Despite this wide variation in helper specificity, there is no information available regarding the molecular features of a satellite genome which define its ability to interact with a specific helper virus.
Satellite tobacco mosaic virus (STMV) is a satellite virus found associated with tobacco mild green mosaic tobamovirus (TMGMV, previously TMV-U5) in natural field infections of tree tobacco (Nicotiana glauca) (Valverde & Dodds, 1986) . This satellite has broad helper specificity, shown by its ability to replicate in experimental coinfections with six out of eight different tobamoviruses tested (Valverde & Dodds, 1987; Valverde et al., 1991) .
Surprisingly, RNA transcripts of infectious STMV cDNA clones do not show the same broad specificity (this report). The present study was undertaken to investigate, at the molecular genetic level, the helper specificity function of STMV. This was done using two 0001-1496 © 1993 SGM independent strategies. The first was an attempt to modify helper specificity in vitro by constructing a chimeric STMV clone with putative 3'-terminal polymerase recognition sequences from an alternative STMV helper virus, TMV-U1. The second involved genetic characterization of STMV populations adapted to replication with four helper viruses other than TMGMV. The combined results identified a domain involved with helper specificity near the STMV 5' end and provided the first conclusive experimental demonstration that the helper virus acts as a selection pressure on the genetic evolution of a satellite population.
Methods
Virus isolates and STMV clones. Viruses were maintained and all plant experiments were done in tobacco IN. tabacum cv. Xanthi (nn)]. The STMV type strain and satellite-free TMGMV helper virus were those described previously (Kurath et al., 1992) . The TMV-U1 helper virus preparation was generated from the full-length TMV-U1 clone, pTMV204 (Dawson et al., 1986) , by inoculation of transcript RNA onto N. tabacum cv. Xanthi nc and amplification of a single resulting local lesion in N. tabacum cv. Xanthi (nn). Tomato mosaic tobamovirus (ToMV, fruit necrosis strain) and green tomato a typical mosaic tobamovirus (G-TAMV) isolates were those described previously (Valverde et al., 1991) , and the pepper mild mottle tobamovirus (PMMV) was from Dr C. Wetter (Wetter, 1984) . All helper virus isolates were propagated in tobacco and purified as described (Mirkov et al., 1989) to generate stocks of helper virions (5 mg/ml each) of sufficient quantity for all experiments. Helper virus preparations were shown to be free of STMV as previously described for the TMGMV helper virus (Kurath et al., 1992) .
Helper-free STMV RNA was prepared from STMV type strain virions purified through two cycles of selective 4% and 8% PEG precipitations as described (Valverde el al., 1991) . STMV RNA extracted from these virions by the proteinase K method (Maniatis el al., 1982) was further purified by electrophoresis in 1% agarose gels in Tris-acetat~EDTA buffer (TAE) and electroelution into a dialysis bag (Maniatis et al., 1982) using 0.2 x TAE and 60 mA of current for 1 h. The resulting STMV RNA preparation was shown to be helper-free by failure to replicate or initiate helper virus replication when inoculated onto several tobacco plants in multiple experiments.
The four infectious STMV cDNA clones used in this study were from a set of STMV type strain clones described previously (Kurath et al., 1992) . For these experiments the full-length STMV inserts of these clones were subcloned into the transcription vector pMJ5 (Janda et al., 1987) to eliminate the long 5" leader generated by transcription of the clones in the pBluescribe vector. Plus-sense RNA transcripts of NsiIdigested templates of these clones were prepared as described (Kurath et al., 1992) , and had natural 3' termini and two extra G residues at the 5' termini.
Infectivity experiments and serial passage in tobacco. Infectivity experiments were done as described (Kurath et al., 1992) by mechanically inoculating STMV RNA or RNA transcripts of STMV clones (2 bd at 50 ng/btl) and purified helper virions (2 gl at 200 ng/gl) onto each of two leaves of small tobacco plants (three to five leaf stage). Plants were maintained in the greenhouse or in growth chambers and assessed for local and systemic STMV replication by dot blot hybridization 14 to 21 days after inoculation (Kurath et al., 1992) . For serial passages with TMGMV, TMV-U1, ToMV and G-TAMV, several small pieces of tissue from systemically infected middle and upper leaves were ground together in 50 mM-sodium phosphate buffer pH 7.0 and mechanically inoculated onto two Carborundum-dusted leaves of small tobacco plants. Passages were typically 14 to 21 days long, and plants were maintained and assessed for STMV replication as described above. In experiments with the PMMV helper virus, which is restricted to the inoculated leaves in tobacco (Wetter, 1984) , large inoculated leaves were used approximately 10 days after inoculation as the source of tissue for subsequent passages, virion purification and total nucleic acid preparations. Total nucleic acid was prepared from approximately 100 mg of leaf tissue (Dunsmuir et al., 1988) .
Construction of the pSTMV6/U1-905 chimeric clone. To facilitate construction of the desired chimeric clone, an SplI site was created in the infectious STMV cDNA clone pSTMV6 (Kurath et al., 1992) by in vitro mutagenesis of a single base at position 905. The full-length STMV insert sequence from pSTMV6 was subcloned into the phagemid vector pUC118 to produce single-stranded template DNA in the dutung-CJ236 bacterial host strain (Kunkel et al., 1987) . Mutagenesis was done using the mutagenic primer (5' dGATTTCGTACGTGTCAACG 3') and standard protocols (Kunkel et al., 1987 ; Muta-Gene kit protocols from Bio-Rad). Putative mutants were screened for the presence of a new SplI site, and a SalIHindIII fragment (bases 602 to 1059 of the STMV sequence) from one clone containing the mutated site was subcloned back into the parental pSTMV6 clone to avoid any additional mutations elsewhere in the plasmid.
The chimeric sequence was constructed by deleting an SplIttindIII fragment containing the 3' 153 nucleotides (nt) from the pSTMV6 SplI mutant, and replacing it with an SplI HindIII fragment containing the 3' 150 nt of the TMV-UI sequence from the clone pTMV204 (Dawson et al., 1986) . The entire chimeric sequence was then subcloned into the transcription vector pMJ5 (Janda et al., 1987) . The final chimeric clone, designated pSTMV6/U1-905, was linearized at the 3' end with NdeI and transcribed with T7 polymerase as described (Kurath et al., 1992) to produce plus-sense transcript RNA with two non-viral G residues at the 5' terminus and a natural 3' terminus.
RNase protection analyses. The STMV target RNAs analysed in RNase protection assays were 100 ng of RNA transcribed from STMV cDNA clones, 100 ng of genomic RNA extracted by the proteinase K method from purified STMV virions (Maniatis et al., 1982) , or approximately 1 gg of total nucleic acid extracted from infected plant tissue (Dunsmuir et al., 1988) . Probes for the assays were a2P-labelled minus-sense RNAs transcribed from pSTMV6 as described (Kurath et al., 1992) . Probes A, B, C and D were complementary to nt 602 to 1059, 1 to 791, 1 to 602, and 791 to 1059 ofpSTMV6 respectively (Kurath et al., 1992) . Probe D-Ch was complementary to the 3' region (nt 791 to 1056) of the chimeric clone pSTMV6/UI-905, and was transcribed from the chimeric plasmid linearized with BglIl. The assay protocol and polyacrylamide gel analyses were as described (Kurath et al., 1992) .
Nucleotide sequence analyses. RNA sequencing was done by the dideoxynucleotide chain termination method using an RNA sequencing kit (Boehringer Mannheim Biochemicals) and an oligonucleotide primer (5' dGAAACAGCAACTGAAACC 3') complementary to bases 140 to 157 of the STMV consensus sequence. RNA templates were the T7 transcript RNA of clone pSTMV6, or genomic RNAs isolated from purified STMV virions as described above and precipitated twice with 2.5 M-ammonium acetate and ethanol (Maniatis et al., 1982) . The sequencing protocol, including the addition of terminal transferase (United States Biochemical) to the elongation reactions, was as specified by the kit manufacturer except for the following modifications to reduce stops in the sequencing ladder; the RNAs were denatured by boiling for 3 min before annealing and elongation reactions were done at 45 °C.
cDNA clones were generated from the STMV populations adapted to TMV-U1 and ToMV helpers by using specific 3'-and Y-terminal primers from the STMV consensus sequence as described (Kurath et al., 1992) . The DNA sequences of the 5' regions of these clones were determined using a Sequenase kit (United States Biochemical), the M 13 (-20) sequencing primer (New England Biochemical), and methods as described (Kurath et al., 1992) .
Secondary structure analysis of complete STMV RNA sequences was done using the Zuker & Stiegler (1981) algorithm and the Fold and Squiggles programs of the Wisconsin Genetics Computer Group (GCG) sequence analysis software package (Devereux et al., 1984) .
Results

Helper specificity of RNA transcripts from STMV clones
To use infectious clones of STMV as tools to investigate STMV-helper virus interactions, it was first necessary to test whether they exhibited the broad helper specificity of the STMV type strain. Transcript RNAs from four different full-length STMV clones (pSTMV5, pSTMV6, pSTMV9 and pSTMV13) known to be infectious on tobacco with TMGMV (Kurath et al., 1992) were tested for infectivity with TMV-U1 as the helper virus. As shown in Table 1 , all four clone transcripts showed very low frequency or no infection with TMV-U1, in contrast to the high frequencies obtained with TMGMV. As controls, it was reconfirmed that STMV type strain RNA purified from virions was highly infectious with both helper viruses, and that no STMV replication was observed when there was no STMV RNA in the inoculum (Table 1) . In other experiments it was also observed that transcript RNA from clones pSTMV5 and pSTMV6 did not replicate with ToMV, G-TAMV or PMMV, all of which did support replication of the STMV type strain (data not shown). Thus, with regard to helper specificity, STMV clones did not mimic the STMV type strain from which they were derived. 
Biological activity of an STMV-TMV-UI chimeric clone
The presence of two 40 to 60 base regions of high sequence similarity within the 3'-terminal 150 bases of STMV and TMGMV (Mirkov et al., 1989) led to the hypothesis that 3' terminus recognition by the helper viral polymerase was involved in the interaction and specificity between STMV and a helper virus. If this were true, then a chimeric STMV clone in which these 3'-terminal sequences were deleted and replaced with the corresponding 3' terminus of an alternative helper virus might have an increased ability to replicate with that helper virus.
To test this hypothesis pSTMV6 was selected as an STMV clone which showed a high frequency of infection with TMGMV but a low frequency with TMV-U1 (Table 1) . To facilitate construction of a chimera, an SplI site was created by in vitro mutagenesis at nt 905 of the STMV sequence in pSTMV6. RNA transcribed from this mutant clone showed a 100 % frequency of infectivity with TMGMV as the helper virus and retained the mutation in the progeny (data not shown). The newly created site was used to delete 153 nt of the STMV 3' end, which was then replaced with an SplI-HindIII fragment containing the 3' 150 nt of an infectious TMV-U1 clone, pTMV204 (Dawson et al., 1986) . The resulting chimeric clone was designated pSTMV6/U1-905. RNA transcribed from pSTMV6/U1-905 was tested for infectivity on tobacco in the presence of either TMGMV or TMV-U1 helper viruses. Surprisingly, although the chimera did replicate in a significant number of plants with TMGMV, it was completely non-infectious with TMV-U1 (Table 1) .
Several progeny populations of the pSTMV6/U1-905 chimera that had replicated with TMGMV were analysed by RNase protection assays using the D-Ch probe, which was complementary to the 3' 266 bases of the chimeric sequence. These assays indicated that in all cases the progeny had undergone apparently identical genetic changes relative to the chimeric sequence of the inoculum RNA. As shown for two independent passage lines in Fig. 1 , progeny after one passage in tobacco contained some molecules with the original chimeric sequence (probe D-Ch fully protected) and some with clear sequence differences shown by the generation of cleavage fragments. After a second passage there were no detectable molecules with the original chimeric sequence, and the populations stabilized as a new sequence variant. The progeny patterns did not resemble those of transcript RNA from the original parental clone, pSTMV6, indicating that the infectivity results were not due to contamination (Fig. 1 ). 
S T M V populations adapted to other helper viruses
The natural STMV type strain population has been shown to have a quasispecies distribution of variants (Kurath et al., 1992) . Therefore, one explanation for the difference between helper specificities of the type strain and individual clones derived from it is that replication of the type strain with other helpers is due to amplification of specific minor variants which have different inherent helper specificities. To test this idea and obtain populations enriched for these putative variants, helperfree type strain STMV RNA was co-inoculated on tobacco with TMGMV and each of four alternative helper viruses and passaged three times. This generated STMV populations adapted to replication with TMGMV, TMV-U1, ToMV, G-TAMV or PMMV helper viruses (designated STMV/TMGMV, STMV/ TMV-U1, STMV/ToMV, STMV/G-TAMV or STMV/ PMMV respectively). RNase protection assays were used to assess these populations for any genetic change associated with replication with alternative helper viruses. The assays were done using two overlapping minus-sense probes transcribed from pSTMV6, which together assessed the entire STMV genome for genetic changes relative to the patterns of the original STMV type strain inoculum (Kurath et al., 1992) . Probe A, which is complementary to approximately the 3' half of the genome (bases 602 to 1059), produced a three band pattern in assays of type strain RNA (Fig. 2a, lane 2) due to the presence of two major genome types within this population (Kurath et al., 1992) . The faint, large band (approximately 457 nt) is the size of the intact probe, and is protected from digestion by hybridization with the 'type 6' (designated T6) portion of the population represented by clone pSTMV6 (Fig. 2a, lane 1) . The two smaller cleavage fragments (approximately 144 and 300 nt) are generated by hybridization to the 'type 5' (designated T5) portion of the population represented by clone pSTMV5, which differs from T6 genomes at one site detectable by RNase protection analysis. This is due to a single base difference at a major heterogeneity site in the population at position 751 (Kurath et al., 1992) .
RNase protection assays of the helper-adapted STMV RNAs with probe A showed that no detectable change occurred in the 3' half of the genomes of STMV/ TMGMV or STMV/PMMV (Fig. 2a, lanes 3 and 7) relative to the pattern of the original type strain STMV inoculum (Fig. 2 a, lane 2) . These RNA populations were all mixtures of T5 and T6 genomes. However assays of the STMV/TMV-U1, STMV/ToMV, and STMV/G-TAMV populations with probe A all showed a change to a single band migrating with the full-length probe (Fig.  2a, lanes 4 to 6) . This indicated essentially complete selection of a T6 component from the original mixture in the type strain.
Genetic changes in the rest of the genome were assessed with a second probe, probe B, which was complementary to bases 1 to 791 ofpSTMV6 (Kurath et al., 1992) . Assays of type strain RNA with probe B produced a pattern consisting of a large fragment indistinguishable on these gels from the fully protected probe, and a small fragment of approximately 24 nt (Fig.  2b, lane 2) . This small fragment is generated by cleavage of the T5 portion of the population at the same heterogeneity site at position 751 which generates the cleavage fragments with probe A (Kurath et al., 1992) .
RNase protection assays of the helper-adapted STMV populations with probe B showed that although there was no change in STMV/TMGMV relative to the type strain inoculum (Fig. 2 b, lanes 2 and 3) , the patterns of all four populations replicated with other helper viruses had a new band approximately 50 to 60 nt in length (Fig.  2b, lanes 4 to 7) . The new fragment in the STMV/TMV-UI pattern (Fig. 2b, lane 4) was slightly smaller than that of the other helper-adapted populations. Subsequent assays with a third probe complementary to bases 1 to 602 to pSTMV6 mapped the sites responsible for these new bands to 50 to 60 nt from the genomic 5' end in all cases (data not shown). The region 50 to 60 nt from the 5' end of STMV RNA defined by this site is hereafter referred to as a 'helper adaptation domain' due to the correlation of genetic change in this region and replication with a helper virus other than TMGMV.
Progeny of S T M V clone transcripts replicated with TMV-U1
To investigate further the correlation described above, another source of STMV populations replicated with TMV-U1 was used to look for genetic change. These Target RNAs are: lanes l and 8, pSTMV6 transcript RNA; lanes 2 to 7 and 9 to 14, total nucleic acid from individual tobacco plants containing progeny of RNA transcripts of pSTMV6 (lanes 2 to 5 and 9 to 12), pSTMV5 (lanes 6 and 13) and pSTMV 13 (lanes 7 and 14), replicated with TMV-U1 (see Table t ). Lanes marked M contains markers with sizes, in nt, shown on the left. The arrow on the right side indicates the cleavage fragment of probe B diagnostic for genetic change at the helper adaptation domain.
populations were progeny from the low frequency events in which transcript RNA from an STMV clone replicated with TMV-U1 ( Table 1) . Several of these populations, including progeny ofpSTMV5, pSTMV6 and pSTMV 13, were analysed by RNase protection assays for genetic changes relative to the RNase protection patterns of the original clone transcript RNAs (Kurath et al., 1992) . RNase protection assays of these populations with probe A revealed no changes in the 3' regions of the genomic RNAs (Fig. 3, lanes 2 to 7) , and no selection for a T6 pattern from clones with T5 patterns (pSTMV5 and pSTMV13). In contrast, assays with probe B showed that all progeny populations produced patterns with a new 50 to 60 nt fragment, indicating specific reproducible genetic change at the same helper adaptation domain (Fig. 3, lanes 9 to 14) .
Stability of genetic change at the helper adaptation domain
To assess the stability of the changes observed at the helper adaptation domain, genomic RNA was isolated from the STMV/TMV-U1 helper-adapted population and gel-purified to render it helper-free. This RNA was then coinoculated with either T M V -U 1 or T M G M V onto three groups o f four tobacco plants each, and serially transferred as three independent lines with each helper virus for three passages. After the first passage, progeny from all lines generated RNase protection patterns identical to those of the S T M V / T M V -U 1 R N A inoculum (data not shown). After three passages, progeny o f the three T M V -U 1 lines still generated the same patterns, including the 50 to 60 nt band with probe B (Fig. 4 a and b , lanes 3 to 5), indicating that the change at the helper adaptation domain was stable under these conditions. After three passages with T M G M V , progeny from two of the three replicate lines generated RNase protection patterns identical to those of the S T M V / TMV-U1 inoculum R N A (Fig. 4a and b, lanes 7 and 8) . The third T M G M V line showed genetic changes in assays with both probes (Fig. 4 a and b, lanes 6 
Nucleotide sequence analyses of helper adaptation domains
The helper adaptation domains (near nt 60) o f various S T M V R N A s were analysed by direct R N A sequencing using a primer complementary to S T M V bases 140 to 157. In each case most of the sequence between bases 4 to 132 was clear, but there were from two to seven ambiguous bases owing to strong stops in the sequencing ladder (presumably caused by the S T M V secondary structure, see Discussion). this region. In comparison with these RNAs, the sequences of the STMV/TMV-U1, STMV/ToMV and STMV/G-TAMV helper-adapted populations all showed the deletion of a single G residue from five consecutive G residues between bases 61 and 65 of the STMV consensus sequence (Fig. 5) . In addition to this change, the STMV/TMV-U1 RNA had a U to C substitution at base 9, which probably accounts for the smaller size of the RNase protection fragment generated by this RNA with probe B (Fig. 2b, lane 4) . The STMV/ToMV RNA appeared to have an A to C substitution at base 7. These additional changes are very near the 5' end, so the G deletion described above was the only detectable difference between bases 9 and 132 of helper-adapted RNAs compared with the STMV type strain. Sequence analyses of three progeny populations of pSTMV6 transcript RNA replicated with TMV-U 1 (Fig.  3) showed the same single G deletion between bases 61 and 65 as observed in the helper-adapted RNAs. Other than this change, two of the progeny populations were identical to the parental pSTMV transcript RNA and the third had additional changes between bases 100 and 120. Thus, all STMV populations replicated with helper viruses other than TMGMV had a common difference from the STMV consensus sequence which was a G deletion from five consecutive Gs between bases 61 and 65.
Because of the ambiguous bases in the RNA sequences, cDNA clones were generated from two of the helperadapted STMV populations and sequenced through the helper adaptation domains to obtain a clear sequence. The unambiguous sequences of bases 12 to 238 (the 5' end-specific primer used for cDNA cloning determined bases 1 to 12) were determined for two clones from the STMV/TMV-U1 population and one clone from the STMV/ToMV population. These sequences clearly showed that the only difference from the STMV consensus sequence in this region was the deletion of a single G residue between bases 61 to 65 in all three clones. This confirmed this deletion as the genetic change at the helper adaptation domain that generated the diagnostic RNase protection fragment with probe B (Fig. 2 and 3) , and was consistently found in any STMV population replicated with a helper virus other than TMGMV.
Infectivity of helper-adapted STMV clones
RNA transcripts of the cDNA clones from two of the helper-adapted STMV populations (described above) were inoculated onto tobacco plants for infectivity tests using TMGMV, TMV-U1 and ToMV as helper viruses (data not shown). The RNA from all three clones was infectious with TMGMV as the helper, indicating that the clones were full-length and functional. However, contrary to expectation, none of the clones replicated with TMV-U 1 or ToMV, although these were the helper viruses of the populations from which the clones were derived. Since these clones had been shown by sequencing to contain the single G deletion between bases 61 and 65, we conclude that this change alone is not sufficient to alter helper specificity, and that additional change(s) or factors which remain to be identified must also be required. At present we speculate that additional sequence changes within the 12 bases at either terminus of the helper-adapted genomes may be involved, since these portions of the cDNA clones were determined by STMV type strain primers used for cloning.
Discussion
The nucleotide sequence of STMV has two 40 to 60 base regions within its T-terminal 150 nt which have a high degree of similarity (63 to 84%) to sequences at corresponding positions in the 3' untranslated regions of both TMGMV and TMV-U1 (Mirkov et al., 1989) . The rest of the STMV sequence shows no significant similarity with these tobamovirus genomes (Solis & Garcia-Arenal, 1990; Goelet et al., 1982) . The 3' untranslated regions of TMGMV and TMV-U1 can both be folded into a 3'-terminal tRNA-like structure with three pseudoknots immediately upstream (GarciaArenal, 1988; van Belkum et al., 1985) . Since a polymerase must bind to the 3' end of plus-stranded viral RNA genomes to initiate synthesis of minus strands for replication, we hypothesized that the 3' regions conserved between STMV and TMGMV might be polymerase recognition sites which facilitated the interaction of STMV RNA with the helper virus polymerase, initiating STMV replication. If this were true, these domains could also function as determinants of helper specificity, facilitating or inhibiting the interaction of polymerases from different helper viruses with the STMV genome.
The chimeric sequence pSTMV6/U1-905 was constructed to test this working hypothesis. The 150 nt of the TMV-U1 3'end sequence which replaced the STMV 3' end contained the entire tRNA-like structure, the 3' pseudoknot, and part of the central pseudoknot (van Belkum et al., 1985) . It was reasonable to predict that this length of TMV-U1 sequence was sufficient to interact with the TMV-U 1 polymerase because a TMV-L deletion mutant, N-6233, which lacked the pseudoknot sequences upstream of a site precisely analogous to the junction site of the pSTMV6/U1-905 chimera, was able to multiply and move systemically in tobacco, albeit slowly (Takamatsu et al., 1990) . Indeed, the ability of the pSTMV6/U1-905 chimeric sequence to replicate with TMGMV as the helper (Table 1) confirmed that this particular combination of heterologous sequences was not lethal. However, the rapid, reproducible genetic change observed in progeny from independent plants suggests that the chimeric sequence was suboptimal and that the populations can reproducibly generate a specific mutant sequence which has a replicative advantage over the original chimera.
Despite the presence of a TMV-U1 3' region which should be able to interact with the TMV-U1 polymerase, the chimeric sequence did not replicate with TMV-U1 as the helper virus. This indicates that the ability of these cloned constructs to replicate with different helpers is not determined by sequences in the 3' region of STMV, and thus does not involve the proposed mechanism of recognition of conserved 3' end sequences by the helper virus polymerase. Recognition of 3' end sequences may be involved in the replication of STMV with tobamoviruses rather than viruses of other groups, but the specificity for interaction with different helper tobamoviruses must lie elsewhere on the satellite genome. This is reminiscent of results obtained with TMV-L chimeras in which the 3' region was replaced with the analogous 3' regions of TMV-U1, cucumber green mottle mosaic virus, the cowpea strain TMV-Cc (Ishikawa et al., 1988) , or brome mosaic virus (Ishikawa et al., 1991) . The ability of these chimeras to replicate showed that the polymerase encoded by TMV-L could recognize all of these heterologous 3' regions, showing that 3' end interactions were not very specific.
Adaptation of the type strain STMV population to replication with each of four different helper viruses was accompanied by genetic changes in the major components of the populations (Fig. 2) . Three of the helperadapted populations showed change at the major heterogeneity site (nt 751 ; Kurath et al., 1992) suggesting essentially complete selection of the pre-existing T6 genome from a mixture originally dominated by T5 genomes. However, the fourth helper-adapted population (PMMV/STMV) retained its mixture of T5 and T6 genomes, indicating that selection of a T6 genome type was not essential for adaptation to an alternative helper virus. All helper-adapted populations also showed a genetic change 50 to 60 nt from the 5' end, which is evidence of either de novo mutation and selection, or selective amplification of a pre-existing trace variant not previously detected in a study of heterogeneity in the type strain (Kurath et aI., 1992) .
Characterization of several progeny populations from rare cases in which RNA transcribed from STMV clones replicated with TMV-U1 (Table l) confirmed that selection of the T6 genotype at the major heterogeneity site was not essential for replication with TMV-U1 (Fig.  3) . However, in all cases the progeny had a specific, consistent genetic change 50 to 60 nt from the 5' end, which would have required de novo mutation of the original sequences and selection of the new variant during replication with TMV-U 1. This requirement for a specific de novo mutation explains the low frequency of infectivity of clone transcripts with TMV-U1. The inability of clone transcripts to replicate without this change and the detection of the same change in all helper-adapted populations strongly suggest that the genetic change near the STMV 5' end, shown to be the deletion of a G residue between bases 61 and 65, is essential for replication with helper viruses other than TMGMV. The fact that the STMV/TMV-U1 RNA population can maintain the genetic change at this domain through three subsequent passages with TMGMV as well as with TMV-U1 indicates that the original change at the helper adaptation domain constituted a broadening of helper specificity rather than an exclusive change of ability to interact with one helper virus for another.
Sequence analysis of the genetic change which occurred at the helper adaptation domains of helperadapted STMV populations is the first step towards understanding the molecular mechanisms by which that domain functions. The specific deletion of a single G from five consecutive G residues between positions 61 and 65 of the STMV sequence suggested two possible mechanisms. This deletion occurred near the start of the open reading frame (ORF) encoding the STMV 6.8K protein (Mirkov et al., 1989) , and shifted the reading frame to create a stop codon five codons downstream of the translation initiation site (Fig. 5) . It is possible that the 6'8K gene product is involved in the specific interaction of STMV with TMGMV, and somehow (Mirkov et al., 1989) ; (b) helper-adapted T5 consensus sequence with a G deletion between nt 61 and 65; (c) T6 consensus sequence which varies from T5 at bases 682 (C to U), 751 (A to C) and 805 (U to C) (Kurath et al., 1992) Alternatively, the helper adaptation domain could function through alterations in secondary structure features of STMV genomic RNA. Computer predictions for STMV genome sequences show highly ordered secondary structures with multiple base-paired regions and stem-loops (Fig. 6 ) typical of satellite genomes (reviewed in Roossinck et al., 1992) . The predicted structures of consensus T5 and T6 genomes differ significantly in their central regions, whereas the outer domains of the structures, composed of bases 169 to 646, 149 to 168, and 684 to 706 on the left and bases 1 to 25 and 959 to 1059 on the right, are precisely conserved (Fig. 6a, c) . The deletion of a single G residue at the helper adaptation domain resulted in several changes in the central domain of the predicted structure for T5 genomes, whereas the changes in the T6 genome structure were much more subtle. The conservation of predicted secondary structures of the T6 and helper-adapted T6 genomes allowed us to delimit the difference to the region immediately surrounding the helper adaptation domain. In both T5 and T6 structures this domain, bases 61 to 65, lies in a base-paired internal stem. In contrast, in the helper-adapted T5 and T6 structures these bases are at the end of a small stem-loop and form part of the unpaired loop region. This leads us to speculate that if the TMGMV polymerase interacts directly with these bases or adjacent bases, their greater accessibility in the helper-adapted structures might allow interactions with a wider range of polymerases from helper viruses not so highly adapted to replication with STMV. This can be tested in the future using in vitro mutagenesis and infectious STMV cDNA clones with different helper specificities.
Analysis of the four corresponding minus-sense sequences showed no differences in the predicted secondary structures of helper-adapted and non-helperadapted sequences due to the location of the helper adaptation domain in an unpaired bulge (data not shown). Thus, if this domain does function through a secondary structure mechanism it is most likely to act during the plus-sense steps of the virus replication cycle.
The data presented here strongly suggest that the helper adaptation domain at or near nt 61 to 65 is involved in the helper specificity function of STMV. Since STMV clones containing the G deletion at this site did not replicate with the alternative helper virus it is probable that other site(s) are also involved which were not detected by the RNase protection assays. Thus, conclusive identification and explanation of all factors involved in STMV helper specificity will require further work, including the generation and characterization of infectious STMV clones with specificity for helpers other than TMGMV.
In addition to preliminary characterization of a functional domain for helper specificity, these experimental results provide significant information about satellite adaptability and evolution. The reproducible genetic changes in independent pSTMV6/U1-905 chinaera progeny populations and the observation of a different reproducible genetic change in several progeny of clone transcripts replicating with TMV-U1 clearly showed that STMV genome populations are capable of very rapid, reproducible genetic modifications in response to selection pressures. In both of these examples the observed change in progenies of cloned inocula required de novo mutation as well as selection, suggesting a high rate of mutation in these populations. It is possible that some of these mutations occurred during the single T7 polymerase transcription of the RNA inocula from plasmid DNA of the clones. However observation of the same changes in helper-adapted populations that were not generated from clones, and the fact that each population underwent several rounds of replication in tobacco, suggest that these mutations most likely occurred in planta.
Owing to the dependent nature of satellites, it is logical to assume that the helper virus could exert selective pressure on the evolution of satellite populations. However, other than reports of different strains of helper virus supporting different levels of accumulation of various satellites (Kaper & Tousignant, 1977; Uyemoto et al., 1968; Valverde et al., 1991) , there have been no experimental studies addressing this phenomenon. The reproducible genetic change described here in response to changing the helper virus of an STMV population clearly represents evolution at a domain involved with a specific function, and demonstrates that the helper virus is a selective force contributing to satellite evolution.
